ABSTRACT Compared with line powered wireless sensor nodes, power allocation, and rate adaption in energy harvesting (EH) nodes are challenging problems, due to the intermittent nature of the energy arrival process and data causality constraints. To address this problem, in this paper we propose an online fuzzy logic-based power allocation (FPA) scheme for a cooperative and delay constraint EH wireless sensor network (EHWSN) using opportunistic relaying. An EHWSN model is developed with finite energy and data buffer constraints at the relay node. The performance of FPA scheme is evaluated in terms of throughput, fairness, delay, transmission time, and energy consumption. The performance of FPA is also compared with one offline policy and two online policies. It is observed that the delay and the energy consumption of FPA scheme for a given throughput are very close to the offline power allocation policy. The results show that for a given EH profile tradeoff exists between data buffer capacity and throughput for a given payload in all the schemes. In addition, the opportunistic behavior of relay can be controlled by increasing buffer size, however, that may compromise the throughput beyond a certain buffer size. Furthermore, the performance of FPA scheme is also evaluated under Uniform, Rayleigh and Beta distributed energy arrivals.
I. INTRODUCTION
In recent years, there is a tremendous increase in the deployment of Wireless Sensor Networks (WSNs) for sensing, monitoring, processing and forwarding critical information. Researchers envision by the year 2020 almost 50 billion multifunctional, low cost, low power and self organizing wireless sensor nodes will become part of Internet of Things (IoT). The presence of such a huge number of sensing nodes/devices will generate complex network topologies based on traffic requirements and geographical deployments, thus requiring an extensive cooperation among sensor nodes [1] . Similar to a conventional cooperative network, the cooperation in wireless sensor network will require a node to not only forward its own data but also helps in forwarding the data of neighboring nodes. This will increase the energy requirements of sensor nodes [2] . Thus, it may not be viable to use standard battery powered node, especially for sensors deployed in inaccessible location; to meet the throughput demand and provide lifelong operation unattended [3] .
Current advances in Energy Harvesting (EH) techniques show that it is a promising solution to overcome the performance barriers imposed due to non-rechargeable battery constraint. While the EH capability gives sensor nodes an extra degree of freedom in utilizing energy, the intermittent nature of the EH process introduces the additional constraint of energy causality [4] . This practical constraint means that energy cannot be used prior to being harvested. Thus, efficient utilization of available energy becomes the main challenge of Energy Harvesting Wireless Sensor Networks (EHWSNs). EHWSN deployed in mission critical applications like disaster management needs to disseminate information as quickly as possible. In network settings, where, direct link between source and destination is weak, cooperative communication can be used to have a reliable communication [5] . In cooperative EHWSN, relay compromises its own throughput and energy to minimize transmission time. The overall throughput in such a network can be improved if power allocation at relay node is performed in such a way that enables relay node to opportunistically transmit its own data (left with sufficient energy) while it supports source transmission.
Considering the importance of minimizing the transmission time in cooperative networks, a deadline constraint throughput maximization problem for a two hop network with infinite data and energy buffers is considered in [6] - [8] . A slight modification of this problem considering finite data buffer at relay is considered in [9] . A similar problem is also analyzed for a two-hop network consisting of one or two parallel relays with offline knowledge of EH profile in [10] . In [11] different power allocation policies are presented for a network consisting of multiple source-relay destination pairs with relay nodes capable of EH and energy cooperation among themselves. The results in [6] - [11] help in understanding the potential of EHWSN using cooperative communication, however, these power allocation policies are not suitable/implementable in practical settings such as discrete transmission rates, finite energy (battery capacity) and data buffer capacity. For instance, assigning high power for transmission might cause early energy outage (delay) where as assigning little amount cause underutilization of the available energy (may cause the battery to overflow). Secondly, the energy causality constraint which implies that the energy which is not yet harvested cannot be used by the node for data transmission. Thirdly, because of discrete rates, transmission is only possible if the available energy is sufficient enough to support any allowable rate [12] . Lastly, from the perspective of energy efficiency the power allocation should be of low computational complexity [13] . The commonly used schemes such as MDP has computational cost O(MN 2 ) [14] and can only be considered as an upper bound on the achievable performance.
To devise a power allocation policy which address the aforementioned constraints, soft computing techniques can be used as a possible solution. In literature we find a wide range of applications where fuzzy logic; a type of soft computing technique, is used for efficient decision making as presented in works [15] - [19] . Fuzzy logic is also being used for performance improvement of WSNs in many different ways. For example, authors in [20] - [22] have proposed fuzzy based efficient routing protocols for WSN. In [23] and [24] fuzzy logic is used for cluster head selection in WSN. Solution to other issues related to WSN like intrusion detection, network lifetime maximization and energy consumption minization has been proposed using fuzzy logic in [25] - [27] , respectively. However, to the best of our knowledge there is no literature available on energy, delay and throughput aware power allocation policy for a cooperative EHWSN.
Therefore, in this paper we used Fuzzy logic to devise a throughput, energy and delay aware power allocation scheme (FPA) for a cooperative EHWSN using realistic network parameters. The contribution of this paper are as follows.
• We present a mathematical model of cooperative EHWSN network using opportunistic relaying. This model also incorporates practical parameters such as discrete rates, energy buffer, energy causality (no offline knowledge), data buffer and data causality constraints.
• Using the mathematical model of an EHWSN, an equivalent Fuzzy logic system model (FLS) is developed as a relay node. The fuzzy power allocation (FPA) and rate adaptation rules are devised with an objective to transmit a given payload in minimum time.
• The performance of FPA scheme is analyzed in terms of throughput, transmission time, energy, fairness and delay. The results are compared with an offline and two online power allocation schemes. In addition, the impact of different energy arrival processes is analyzed in terms of throughput and delay. The rest of the paper is organized in the following manner. System model with all the network constraints is described in Section II. Section III, details the proposed Fuzzy logic policy. Simulation results are discussed in section IV. Finally, Section V concludes the paper.
II. SYSTEM MODEL
We consider a two-hop cooperative half-duplex relay network with four nodes: a source S, a destination 1 D 1 (for source data), a relay R and a destination 2 D 2 (for relay data, as shown in Fig. 1 . Both the source and relay nodes are EH nodes, equipped with finite energy and data storage capacity. The channel gains between source to relay (S → R), relay to destination 1 (R → D 1 ) and relay to destination 2 (R → D 2 ) are represented by h sr , h rd 1 and h rd 2 , respectively. We assume an Additive White Gaussian Noise Channel (AWGN) with noise spectral density, N 0 of 10 −19 W/Hz [28] . In this paper, the relay node is placed exactly in the center of source and destinations (symmetric channel conditions) i.e. h sr = h rd 1 = h rds 2 shown in Fig. 1 . However, the analysis can be extended to include asymmetric channel conditions. The channel gain between S → D 1 is ignored due to the poor channel. Thus, the relay node is used to decode and forward the source data to D 1 . The source node can overhear this broadcast and can use it as an acknowledgement from relay its data has been delivered to D 1 . Inspired by the approach in [29] , the relay node uses two separate data buffers, a main buffer to store its own data and a forwarding buffer to forward the source data to D 1 shown in Fig. 1 . Relay node's forwarding buffer has a maximum capacity of BC r,max . For each successful source transmission, relay being opportunistic tries to send its own data in the next slot. Relay node will only be able to use this transmission opportunity, provided that enough energy is available for its transmission. After an opportunistic relay transmission, the next transmission slot is assigned to source data provided enough energy is available at the relay. The energy expenditure of both the source and relay node includes only the energy consumed in transmission. Energy consumption of operations other than transmission is assumed to be negligible [8] , [30] .
The main aim of this work is to observe the impact of different power allocation strategies at a relay node. By assuming smooth transmissions between source and relay, the performance of relay node's transmission is analyzed in terms of network throughput, network energy consumption, and network transmission time. At a relay node the time instance at which the harvested energy arrives is called as an EH instance. At each EH instance, the energy buffer (battery) of the relay is incremented by the amount of energy harvested. This energy is stored in energy buffer of maximum capacity E r,max . A discrete time EH profile is considered where the information of the EH arrival is only available online. The inter-arrival time between two EH instances is called an EH interval [31] . Between two EH instances (EH interval) the energy buffer is used for data transmission. The relay node will have to wait for next EH interval, if available energy cannot support data transmission. A total of L EH intervals of length l(j) are observed during this time. The amount of energy available at the start of each EH interval j (where j = {1, . . . , L}) is E ava,r (j) which is given as follows
where, subscript h indicate harvested energy, subscript r indicate relay node and E ava (j − 1) is the energy available from the (j − 1) th EH interval represented by black bar in Fig. 1 . It is assumed, that the transmitting node can adaptively change its rate by changing its power. Transmission slots of variable lengths are used based on the available rates and packet sizes. We modify the above notation slightly to accommodate the transmission slots within an EH interval. The transmission slot i within j th EH interval is indexed by i j and the energy available at the start of the transmission slot is denoted by E ava,r (i j ) and i j = {1, . . . , N j } (as there could be variable number of transmission slots in an EH interval). The above equation can be rewritten as
where, E tx τ x (i j ) is the amount of energy consumed in i th transmission slot of length τ at rate x ( x ∈ {x 1 = 1Mbps, x 2 = 500Kbps, x 3 = 250Kbps and x 4 = 125Kbps }) [32] , during j th EH interval. This transmission slot corresponds
Shannon rate-power model [4] is used to calculate the values of P tx (τ x (i j,s )) and P tx (τ x (i j,r )) given as
where, N 0 is the noise spectral density, x is the achievable rate at the relay node and W is the channel bandwidth.
A. ENERGY CAUSALITY CONSTRAINT
The energy causality constraint implies that the amount of energy that can be used for transmission should be less than or equal to the energy available in battery. The amount of energy available in battery is further constraint by maximum battery capacity. The energy causality and finite battery constraint is given by the following equation
where, E ava,r (i j ) can be calculated from 3.
B. DATA CAUSALITY/PACKET SIZE CONSTRAINT
The packet size between
Assuming that the source has always data to send, the above equation implies that source cannot transmit data if relay buffer does not have enough capacity to receive a new packet.
In this paper, we assume R → D 2 follows a similar constraint on the buffer size to have a critical analysis of relay opportunistic nature. Intuitively R − D 2 packet size cannot be greater than R → D 1 in this opportunistic scenario. However, the rule set derived in Section. III are equally valid for different packet sizes.
C. THROUGHPUT
The sum network throughput is defined as the ratio of total number of bits transmitted and the total time spent
D. DELAY
The delay due to energy starvation is equal to total time minus the transmission time
The delay in j th EH interval is denoted by (j). VOLUME 5, 2017
III. PROPOSED POLICY
The desirable feature of EHWSN is to achieve required/ maximum throughput at minimum delay. In a conventional line powered EHWSN network, one of the ways to increase throughput and decrease delay is to transmit data at the highest possible rate. However, for EH networks this power allocation scheme will cause the system to be susceptible to significant delays due to intermittent nature of the energy arrival process. Sensors which are deployed in mission critical environments such as military operations, hospitals, disaster management etc, using such power allocation will not be efficient enough to forward the sensed data to the sink node while meeting the time constraint requirements. Since, in EH based networks power allocation for each transmission slot within an EH interval will in turn effect the future power allocation in the next slot, therefore, a power allocation policy that can minimize delay and/or maximize throughput over the duration of transmissions is required. In addition, to achieve consistent throughput and avoid jumps/ discontinuities in transmission delay, a power allocation/rate selection policy must have soft decision boundaries/rules coinciding with the EH arrivals. From eq. (3), the power allocation (P tx (τ x (i j,s )) and P tx (τ x (i j,r ))) is equivalent to rate selection x(i j,s ) and x(i j,r ). The optimization problem can be written as arg max
Existing solutions such as water filling or dynamic programming are computationally intensive and require a lot of processing power and/or capability of the sensor node [33] . Therefore, in this section we propose to use a soft decision computing based power allocation policy based on fuzzy logic. The basic motivation behind fuzzy logic is its lower complexity. To be exact, the computational cost of Fuzzy logic is O(n) [34] . The proposed policy ensures throughput, energy and delay aware transmission at the relay node while simultaneously enhancing its opportunistic nature. Before presenting the proposed Fuzzy logic based policy for EHWSN a brief introduction to Fuzzy Logic System FLS is presented here. Fuzzy logic is a well suited technique to model uncertainties of a system to get the desired results [35] . Classical set theory follow Boolean logic where an element belongs to a set. However, in fuzzy logic an element belongs to a set with some degree of membership. The basic purpose to use FLS is to map crisp or real number values (inputs) to fuzzy sets. This mapping of crisp input to a fuzzy set is known as Fuzzification of the input. The degree of membership of an input to a fuzzy set varies between 0 and 1. The membership value 1 corresponds to complete membership, 0 to no membership, and values in between shows partial membership. In order to map an element to its membership value, membership functions are used. Each fuzzy set is associated to a membership function (MF). In particular, membership functions include piecewise linear functions (triangular and trapezoidal), Gaussian distribution functions, quadratic and polynomial curves. Once the fuzzification of an input is complete, fuzzy inference process is used to obtain a fuzzy output. In fuzzy inference process, membership functions combined with control rules are used to derive output. Fuzzy rules are based on human intuition and judgment about the given problem [36] . All rules are evaluated in parallel and the output of each rule is in the form of a fuzzy set. Using each rule's output set, FLS computes a single output set. This single output is then defuzzified to get a crisp value. Commonly used techniques for defuzzification are the centroid and maximum methods. Fig. 2 shows a Multi-Input Single Output (MISO) FLS model of EHWSN. In FLS we employ moving average evolution model of throughput, energy and delay at the relay. It means that the action taken in j th EH interval are derived based on the network parameters in previous EH intervals. Although it is also possible to use another evolution model. So in this model, a normalized value of available energy E ava,r (j) in the current EH interval and moving average throughput ρ a (j−1) and delay a (j−1) of previous EH intervals are given as input to the FLS. These three input variables are fuzzified using four linguistic variables 'Lo'(Low), 'M'(Medium), 'H'(High) and 'VH'(Very High). An extra variable LoN is used for E ava,r (j) to indicate that no transmission is possible with given E ava,r (j). These linguistic variables are represented by triangular MFs as shown in Fig. 3 . Note that the membership functions are not drawn to scale. In addition, it is also important to mention that the MFs are considered nonoverlapping as the accuracy of non-overlapping MFs is better compared to overlapping MFs [37] . Another reason to have strict boundaries is to accommodate practical and discrete data rates available in sensor networks. However, our system model is equally valid for overlapping scenario provided the sensor node has a provision of continuous data rates. The possible values of input variable throughput ρ a (j − 1) can be 'Lo', 'M', 'H' or 'VH'. The fuzzifier after comparing the membership value of ρ a (j − 1) will categorize it to any of the above mentioned fuzzy sets.
A. FLS MODEL OF EHWSN
The output of the FLS is an adjusting factor reflecting the need to increase or decrease the transmission power P tx (τ x (i j )) at the start of an EH interval. This value of power will corresponds to the rate that should be used in order to achieve minimum delay E[ ] and energy consumption E[E ava,r (1 j )] while maintaining acceptable throughput for the current transmission slot. Once E tx (τ x (i j,s )) is used for R → D 1 transmission, the remaining energy can be used by relay to opportunistically transmit its own data to D 2 . Triangular MFs are used to represent six different levels of the adjusting factors, xu, x+, x + +, x−, x − −, x − −− where x ∈ {125Kbps , 250Kbps, 500Kbps and 1Mbps }. The explanation of each fuzzy set of the adjusting factor is explained below.
• xu: The power should be assigned such that the throughput of the current and the average throughput of previous EH intervals approximately remain unchanged ρ a (j − 1) = ρ j .
• x+: The power should be increased such that the current EH interval j use the next higher available rate compared to the rate in previous EH intervals. For example, if the previous EH intervals used on average 250Kbps, the adjustment factor x+ require increase in power level such that current EH interval use 500Kbps.
• x + +: The power should be increased such that the rate selected for current EH interval j is 2 steps above than the average rate in previous EH intervals.
• x−: The power should be decreased such that the rate selected for current EH interval j is one step lower than the average rate in previous EH intervals. For example, if the previous EH intervals on average used 500Kbps, the adjustment factor x− require that current EH interval use 250Kbps.
• x − − The power should be decreased such that the rate selected for current EH interval j is 2 steps lower than the average rate in previous EH intervals.
• x − −−: The power should be decreased such that the rate selected for current EH interval j is 3 steps lower than the average rate in previous EH intervals.
Due to energy availability and energy arrival process, there is a possibility that the rate selected for current EH interval may not be sustainable till the arrival of a next EH instance as relay also opportunistically send data to D 2 . The relay R will fall back to a lower rate, if E ava,r (i j ) is less than energy required for the selected rate of current EH interval. This process will continue until the E ava,r (i j ) is less than the energy required for x 1 = 125Kbps. In this scenario, relay has to wait for the arrival of next EH instance. It is only due to this reason, the observed value of ρ a (j−1) and a (j−1) are passed to the FLS system rather than the selected values. The output value or the adjusting factor of the FLS system is derived based on the fuzzy rules, which are given below.
B. FUZZY LOGIC RULE SET
In the FLS system discussed above there are 3 inputs and each input can be mapped to 4 fuzzy sets, the total number of rules are 4 3 = 64. In the following, we define the power allocation rules based on the objective that a fixed payload of the source is transmitted in minimum time. This requirement ensures that an EHWSN node achieve best possible combination of throughput and transmission time. Generally, the above objective also ensures a limit to opportunistic behavior of relay, as increasing the transmission time (by choosing lower rate) will leave an ample amount of energy for relay transmission, where as increasing throughput (by decreasing transmission time) will leave less energy for relay transmission. Since P tx (τ x (i j )) and τ x are constant for given x(i j ), the optimal rate scheduling x(i j ) results in optimal power allocation.
Based on the objective, we can classify the fuzzy states as set of Feasible states (FS) and In-Feasible states (IFS). The rules are only defined for the FS. In order to demonstrate the concept of FS and IFS in the FLS system, we assume the simulation parameters given in section IV. The transmission parameters corresponding to the simulation parameters are given in Table. 1, and the membership function corresponding to each input after normalization is shown in Fig. 3 . The inputs ρ a (j − 1), a (j − 1) and E ava,r (j) are normalized by a factor of 1e5 ,1e − 3 and 1e−6, respectively. The Table. 2 shows the set of FS and IFS states and the corresponding adjustment factors in j th EH interval. For the sake of explanation as an example we only consider the first two EH intervals.
Based on this, the first row in Table. 2 show that if in the previous interval E ava,r (1 1 ) is in the range of 9 − 45, 
it will fuzzified as VH. If fuzzy rule select an adjustment factor of ρ(1) = 1Mbps (VH) then (1) = 9 is fuzzified as VH at the end of (1) st interval as shown in Fig. 3 . The E ava,r (1 2 ) energy arrival can be VH, H, M, Lo based on the energy arrival. This means that the state in which E ava,r ( 1 2 ) is VH, ρ(1) is VH and (1) is VH is a FS. Similarly, in the fifth row if E ava,r (1 1 ) is in the range of 8 − 9, then it is not possible to select the adjustment factor as 1Mbps or VH. This corresponds to an IFS. Note that this IFS is only valid for packet size = 1000 bits. In another scenario where energy requirements are different, this state may be a FS state.
In FLS we fuzzify the energy levels (Lo, H, M, VH) that coincide directly with the energy requirements E tx of the rate x = {125Kbps, 250Kbps, 500Kbps, 1Mbps}. The transmission rates 125Kbps, 250Kbps, 500Kbps, 1Mbps are fuzzified as Lo, M, H and HV respectively. For example, in Table. 1, E tx = 7.2µJ is fuzzified as Lo which corresponds to the rate 125Kbps which is also fuzzified as Lo (Fig. 3) . At packet size of 1000 bits, the fuzzified values of energy show that only one transmission is possible from a particular fuzzified energy state. It means that if E ava,r (1 j−1 ) is VH, H, M and Lo only one transmission is possible at 1Mbps, 500Kbps, 250Kbps, 125Kbps respectively.
Since our objective is to transmit the data in minimum time, we define the rules such that each rule ensures the continuity of transmission at a maximum possible rate. Therefore, the range of MFs are recalculated based on the transmission energy requirement of a particular packet size. The IFS occur mainly due to limited Battery capacity and packet size constraint. As stated earlier rules are defined only for FS states.
Rules for Feasible states: Fuzzy rules used for an EHWSN are shown in Table. 3.
• Rule #1-4: If ρ a (j − 1) and a (j − 1) are classified as VH, and if E ava,r (j) is VH, H or M, then the rate in the j th interval is x − −. However, if E ava,r (j) is Lo then the rate in j th interval is x − −−, for example if in previous EH intervals average rate used is 1Mbps then in current slot j 250Kbps rate should be selected. • Rule #5-8: If ρ a (j − 1) and a (j − 1) are classified as H and if E ava,r (j) is VH , H or M., then the rate in the j th interval is x−. If E ava,r (j) is Lo then rate in the j th interval is x − −.
• Rule #9-12: If ρ a (j − 1) and a (j − 1) are classified as M and if E ava,r (j) is VH , H or M, then the rate in the j th slot is xu. If E ava,r (j) is low then the rate in the j th slot is x−.
• Rule #13 When applied to EHWSN network the output of these rules are shown in the last column of Table. 2 for the first two EH instances. It can be seen that the bulk of transmissions occur at 250Kbps. This is mainly due to limited battery capacity and energy requirement for each transmission. It is also worth mentioning that at data buffer size of 1000, there is very less opportunity for the relay to transmit data to D 2 . The possible states for R → D 2 transmission are Rule#1, Rule#5, Rule#9 Rule#13 and Rule#17.
The output of each rule is aggregated into single output set using maximum method available in MATLAB. Crisp value from the output set is obtained using centroid method which calculates the center of area under the curve. The crisp output from the FLS corresponds to the amount of power that should be assigned to the transmission of the current data packet. Using this power value a specific rate is suggested for the R → D 1 transmission. Data will be then transmitted using this rate. The remaining energy can now be used by relay to opportunistically send its own data to D 2 . In case, if the available energy is not enough to support any (available) rate at all. The node will have to wait for the next energy harvesting interval.
IV. PERFORMANCE EVALUATION
In this section, simulation results are provided to validate the performance gains of the proposed power allocation policy, FPA, over conventional policies such as 1) Equal Power Allocation (EPA) policy, 2) Generous Power Allocation (GPA) policy. In addition, we also compare the results with an Offline Power Allocation (OPA) policy. The description of each policy is given below. In EPA relay node evenly distributes available power for its own data and source data. On the other hand, in GPA maximum power is allocated for source data and the remaining power is used for the relay data transmission.
In OPA scheme it is assumed that a perfect knowledge of energy in next harvesting interval is known. The decision to choose a transmission rate for forwarding the source data and relay opportunistic data is based on the energy in the current interval and the next harvesting interval. In OPA the energy for source and relay opportunistic data is allocated in such a way that ensures the transmission of source data in each interval at a minimum rate of 125Kbps. This will minimize delay and maintain acceptable throughput. The policies are evaluated in terms of network throughput, transmission time, delay and energy consumption. The simulation parameters used are mentioned in Table. 4. In addition, the amount of energy being harvested follows a Uniform distribution with E mean = 9 × 10 −6 µJ and E var = 2.6555 × 10 −11 µJ.
The sum throughput comparison of all the policies in Fig.4 shows that FPA can achieve a significant increase in network throughput as compared to other two policies; EPA and GPA. However, the performance gain of OPA is the highest because the information of the EH profile is available offline which helps in efficient utilization of the available energy. It is also evident that for FPA policy throughput is maximum at buffer size of 1000 bits with a throughput gain of 25% and 15% over policies EPA and GPA. It is worth mentioning that throughput achieved by FPA and OPA is same at buffer size 1000 bits. It can inferred that for an EH profile specifications mentioned above, using this buffer size will give maximum throughput for a network setting when opportunistic relaying is used. Throughput tend to decrease as the packet size is increased beyond 1000 bits for all the policies. This is mainly because the energy required for 1100 bits buffer size is high and for a given profile more time is required to accumulate energy to transmit the packets, increasing transmission time and thus decreasing throughput. OPA throughput is relatively higher than FPA at 1100 bits buffer size because of its ''look ahead nature''. Table. 5, summarizes the performance parameters of all the policies (for buffer size 500) in terms of number of energy harvesting intervals used, amount if source and relay data transmitted, mean delay and number of bits transmitted VOLUME 5, 2017 in each EH interval. It is evident from table that FPA can transmit all source data and 47% of relay's data by only using 67 EH intervals. However, GPA and EPA in addition to source data can only transmit 44 % and 42% of relay's data, respectively. Moreover, it can be seen that EH intervals required for EPA and GPA are very high as compared to FPA. This shows that these policies are inefficient not only in terms of throughput but also in terms of energy utilization. Furthermore, the number of EH intervals required by OPA is lowest and bits per interval being transmitted is highest because the knowledge of next EH interval curtails the opportunistic nature of the relay node. From the table we can seen that only 10430 relay bits are being transmitted by the OPA policy. The mean delay observed for FPA is 0.007 and OPA is 0.006 sec based upon 67 and 48 EH intervals, respectively. For GPA and EPA mean delay is 0.008 based upon 69 and 71 interval. Using these statistics it is observed that out of the total transmission time, for GPA and EPA time spent waiting for more energy arrival is greater as compared to FPA. The bar plot in Fig. 5 depicts the delay experienced by source data when using different power policies. It is evident that delay in FPA is less as compared to GPA and EPA. OPA shows lowest delay at all buffer sizes due to its knowledge of exact available EH profile. The decreasing trend in delay with respect to buffer size is due to the fact that as buffer size increases the number of packets required to transmit source data decreases. This in turn reduces the required energy to transmit these packets. Therefore, the transmitting node does not have to wait for more EH arrivals. Fig. 6 shows the total energy consumed during the transmission. The total energy consumption decreases as the buffer size increases, this is because the number of packets to be transmitted at higher buffer sizes are less and so the does the energy required for transmissions. The trend of transmission time shown is Fig. 7 is exactly in relation with the network throughput. For all the policies as throughput increases transmission time decreases. Moreover, transmission time of FPA policy is relatively less as compared to GPA and EPA. 8 shows the energy cost required to achieve certain throughput for all power policies against different buffer sizes. It is evident that energy cost for FPA is less than GPA and EPA. Energy cost of OPA is less then FPA and the reason of this is that because of the offline knowledge of the EH profile available to OPA.
A. IMPACT OF DIFFERENT EH PROFILES ON THROUGHPUT
Throughput fairness using Jain's Fairness index [38] is shown in Fig. 9 to show the opportunistic behavior of the relay. The graph shows that as buffer size increases the fairness of EPA and GPA in terms of throughput decreases to 75 % and 83% respectively. It can be seen that FPA can achieve highest fairness as compared to OPA even without the knowledge of further energy arrivals. These results are inline with the observations objective function as discussed in Section III.B. To demonstrate the validity of the FPA scheme, the sum throughput and delay results are also provided using different arrival distributions. In Fig. 10 we present the throughput of three EH arrival distributions, namely, Uniform, Beta and Rayleigh for the same mean (9e-6 joules) versus the relay buffer capacity. The results show that at all the packet sizes FPA using Beta distribution has the highest throughput, however, FPA using Uniform and Rayleigh distributions have the lower throughput, respectively. There is no significant difference between Uniform and Rayleigh throughputs. The difference in the throughput of FPA using Beta distribution is mainly due to the shape of the CDF profile which is shown in Fig. 11 along with the other two distributions. It can be seen that the probability of harvesting high energy (greater than what is required for 1Mbps) in Beta distribution is large when compared to the other two distributions. So when FPA is applied on Beta distribution it causes those rules to be chosen which results in transmission of packets with higher rates at the relay (either forwarding source packets or opportunistic packets) leaving less residual energy for subsequent source data transmissions at the relay. This causes a slightly higher FIGURE 11. CDF versus required energy. delay at smaller packet size in FPA using Beta distribution. This is obvious from Fig. 12 that at larger packet sizes, after the source data transmission at the relay, there will be less energy available for relay opportunistic data. This residual energy is consumed in subsequent source data transmission at the relay using higher rates, thus resulting in less transmission time and higher throughput at large packet sizes. The CDF curves in Fig. 11 show an even distribution of energy arrivals for Uniform and spreaded energy arrival for Rayleigh (if categorized as relatively low, medium, high and very high corresponding to the transmission rates). Since this energy will also be opportunistically used by the relay, these EH arrivals manifest in an indifferent selection of transmission rates which will be comparably lower than the Beta distribution. The slight difference in the throughput and delay of Uniform and Rayleigh distribution is due to variation in order statistics of the two distributions and the resulting selection of the rules in the Fuzzy rule set. The results in Fig. 10 imply that the throughput cannot be solely judged by the mean but also the profile and order statistics of different EH process.
B. IMPACT OF DIFFERENT CHANNEL CONDITIONS ON THROUGHPUT
Two channel models 1) AWGN with path loss and 2) Known wireless channel variations of fading and multipath are considered to show the impact of channel variation on achievable throughput. Considering a same EH arrival profile, it is evident from Fig. 13 that when the channel is static (AWGN with fixed path loss) the throughput achieved is maximum and thus serves as an upper bound on the capacity of this system model. For varying channel condition we assume a scenario with receiver side information of channel condition. It can be seen that even with the receiver side information the throughput is significantly lower than the simple AWGN with pathloss. In addition, it is well known that the throughput becomes worse when no receiver side information about channel is available. 
V. CONCLUSION
In this paper, throughput, energy and delay aware FPA policy is proposed for a cooperative EHWSN. The performance of the proposed FPA scheme are compared with GPA, EPA and OPA (which has the knowledge of energy in next EH interval). The results show that the FPA achieves significant gains in terms of throughput, fairness, delay, energy and transmission time over GPA and EPA. Although the throughput of FPA is less than OPA, the energy required to achieve specific throughput is comparable (with a minor difference of 0.005µJ/bps). It is observed that the throughput increases up till the buffer size of 1000 bits, this trend changes when the buffer size is increased beyond 1000 bits. Generally, this indicates that for a given payload an optimal buffer size exist which can maximize throughput. The fairness results show that at smaller buffer size, due to lower transmission energy requirements the relay is left with ample energy to employ opportunistic behavior resulting in fairness very close to 1. However, this trend subsides as buffer size is increased. The opportunistic behavior of the relay results in trade off between fairness and throughput in terms of buffer capacity. The results for different energy arrival distributions, such as Uniform, Beta and Rayleigh (with the same mean value) show the consistent behavior of the FPA scheme. It can be concluded that the throughput and delay not only depends on the EH arrival profile but also on its order statistics. This calls for further optimization of throughput and delay in FPA to adapt with EH arrival distribution.
Future directions include extending this model to multiple hops while including energy cooperation between the nodes in order to avoid energy overflow due to limited battery capacity. Considering the throughput, delay and energy behavior with the packet size and different EH arrival distributions, employing the energy and data aggregation at the relay can lead to potential gains and can be worth investigating. His research interests include medium access control protocols, spectrum and energy efficiency, energy harvesting, and performance analysis for wireless communication and networks. He has published and served as a reviewer for the IEEE journals and conferences. He also serves on the TPC of leading conferences in the communication and networking field, including, e.g., the IEEE VTC, the IEEE ICC, and the IEEE Globecom. He is a member of ICST. He was a recipient of the prestigious International Postgraduate Research Scholarship from the Australian Government. 
